Abstract: An environmentally friendly method to decontaminate the olive mill wastewater, which is encountered as a major environmental problem is presented in this study. The removal of both polyphenolic and aromatic content and the degradation of wastewater of olive mill supplied from Mersin/Turkey region were investigated by the subcritical water oxidation method using H 2 O 2 . The central composite design of response surface methodology was used to assess the effects of temperature, treatment time, and the concentration of oxidising agent. The reliability of the employed method was proved by ANOVA. The optimum experimental parameters were determined and theoretical equations were proposed in each case. The highest chemical oxygen demand removal, dephenolisation and dearomatisation values were obtained as 85.74, 96.13 and 95.94 %, respectively. 
INTRODUCTION
Humankind has been polluting the environment from ancient times. In recent years environmental pollution, especially water pollution, has been progressing at the fastest pace and, corresponding to that, the efforts to find a solution to this problem have increased. [1] [2] [3] [4] [5] [6] [7] The olive mill wastewater (OMWW) is seen as a major problem in many countries due to causing environmental pollution. 8 OMWW, which is a production of the olive oil factories, effects the life and the development of plants, aquatic and marine ecosystems due to its toxic effects. [9] [10] [11] [12] When considering that 30 million t of OMWW is produced per annum in Mediterranean countries, it is revealed how the environment is polluted. 1, 7, 11 490 YABALAK, GÖRMEZ and SÖNMEZ OMWW contains high organic content consisting of polyphenols, poly-alcohols, pectins, sugars, lipids, tannins, nitrogen compounds and fatty acids which are phytotoxic and resistant to biodegradation. [3] [4] [5] [13] [14] [15] [16] In addition, the dark color of OMWW and the oily film layer formed on the surface of the water prevents the effect of sunlight from the water surface and the transmission of oxygen into the water. Thus, the dissolved oxygen is consumed very quickly in water resources such as seas and rivers. 2 As a result, the water plants and mosses that cannot undergo photosynthesis are not able to survive and the degradation of organic content get prevented or at least decelerated. Therefore, the life of the aquatic macro and microorganisms become threatened. 17 The high concentration of polyphenolic content from 1.0 up to 10 g L -1 is considered as the major reason of toxicity of OMWW. 18, 19 When the high concentration of other organic compounds is involved along with polyphenolic content which accounts for a 14 % contribution to chemical oxygen demand (COD), 20, 21 a wastewater with an extremely high COD value (45-130 g L -1 ) which is several times higher than domestic waste, is encountered. [22] [23] [24] [25] In addition, it is known that the organic content is composed of various aromatic structures such as carcinogenic and toxic aromatic amines. 17, 25, 26 Therefore, removal of COD, polyphenol and aromaticity are of great importance and the effective methods are required for degradation of OMWW.
Several chemical treatment methods (ozonation, UV irradiation, photocatalysis, hydrogen peroxide/ferrous iron oxidation, electrochemical oxidation, catalytic wet air oxidation, Fenton, supercritical wet air oxidation, subcritical wet air oxidation coupled with Fenton, wet hydrogen peroxide catalytic oxidation and sonication) and biological (anaerobic digestion, aerobic treatment, anaerobic bioremediation) as well as the combination of both of them have been used for treatment of OMWW. [1] [2] [3] [4] [5] [6] [7] [8] [17] [18] [19] [20] [21] Although the biological processes, namely anaerobic processes, are known as the energy and cost saving methods, they may be ineffective in the treatment of highly concentrated OMWW. 3, 5 In addition, the biological treatment processes are not able to degrade the persistent compounds such as polyphenols. 3, 5 Chemical processes are usually more effective comparing to biological ones, but they are also inadequate for the complete removal of COD, polyphenols and aromaticity because hazardous by-products may form during these processes. 25, 27 Subcritical water oxidation method (SWO), which offers many advantages, is a good alternative to overcome the drawbacks in the above-mentioned methods. 28, 31 Moreover, when compared to traditional methods, SWO's short treatment time and high degradation yield make it irreplaceable. SWO is performed in subcritical water medium which requires water that is heated between 373 and 647 K and sufficiently pressurized to keep it in the liquid form. 32 While subcritical water medium favours the formation of hydroxyl and other active ________________________________________________________________________________________________________________________ (CC) 2018 SCS.
Available on line at www.shd.org.rs/JSCS/ DEGRADATION OF OLIVE MILL WASTEWATER BY SUBCRITICAL WATER OXIDATION 491 radical species, which are known for their crucial roles of attacking and destroying the target pollutants, it provides a unique medium when H 2 O 2 , an environmentally friendly oxidizer, is used together with them. [33] [34] [35] [36] In this sense, the experimental design techniques that minimize the consumption of time, reagents, the laboratory work and the industrial scale are needed. It is known that the traditional optimization method, namely one-factorat-a-time, is far from solving this issue. According to that, this univariate method is based on the examining of only one working variables at a time, while keeping the others constant. [37] [38] In addition, the univariate analysis is insufficient to reveal the relationship between variables and the response. 38 Therefore, many researchers have been widely used an optimization method called response surface method (RSM) to overcome these problems. [37] [38] [39] [40] [41] [42] [43] [44] [45] RSM is a chemometric technique using one of the several types of statistical design methods. 31, 38 This technique provides an evaluation of the interaction between independent variables and the response, besides providing the optimization of variables at any time. 39 Among the second-order RSM models, the popularity of central composite design (CCD) is increasing due to requiring quite a few number of design points, while providing a reasonable amount of information for testing lack of fit. 46, 47 In this study, subcritical water degradation of OMWW which was supplied from the olive mill in Mersin-Turkey was performed in the presence of H 2 O 2 . CCD was applied to evaluate the optimum experimental conditions for the multiresponse (COD removal, total polyphenolic content removal and total aromatic compounds removal) degradation of OMWW. Moreover, the interactions of three experimental parameters, namely the temperature, the treatment time and the concentration of oxidizing agent were evaluated and the effects of these variables on all of the three response were investigated. The theoretical models (mathematical equations) which facilitate the evaluation of system variables and which were used for predicting further response were developed.
EXPERIMENTAL

Reagents and apparatus
OMWW was supplied from the effluent of olive oil mill located on the east of Mersin, Turkey. H 2 O 2 was obtained from Merck (Darmstadt, Germany). Folin-Ciocalteu's phenol reagent and gallic acid (GA) were purchased from Sigma-Aldrich (St. Louis, MO). Anhydrous sodium carbonate was purchased from Fluka (USA). N 2 gas was supplied by Linde gas (Turkey). Ultra-pure water (18 MΩ cm at 25 °C) was provided using a Millipore Milli-Q Advantage A10. Chemical oxygen demand (COD) cell kits were purchased from Hach Lange (Düsseldorf, Germany). WTW Photolab 6100 Vis spectrophotometer was used to monitor the COD values of treated and untreated samples. UV-Vis spectrophotometer (Shimadzu UV--1601) was used to analyse total polyphenolic concentration of samples.
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Degradation of OMWW
A homemade stainless steel reactor system, as shown in our previous work, was used for carrying out degradation experiments. 31 150 mL of stock OMWW solution which had been diluted by 1:10 from original OMWW was used in each degradation experiments. Degradation runs were performed in triplicate at three levels of each independent variable, namely temperature (373, 398 and 423 K), treatment time (60, 90 and 120 min) and oxidant concentration (0.4, 0.8 and 1.2 M) as demonstrated in Table I . The pressure was fixed at 30 bar with nitrogen to supply the subcritical water medium.
COD analysis
The collected fractions were used for COD analysis by using the cell kit which can function between 0-15 g L -1 of value. Thus, COD values of treated aqueous samples and untreated samples (stock solution) were analyzed spectrometrically according to the method below at the end of the treatment time. COD removal percentages (degradation efficiency) of all treated samples were obtained by comparing COD values of them to that of the stock solution according to Eq. (1) where COD value of the stock solution was calculated to be 6.085 g L -1 :
In this formulae, CRE stands for the COD removal efficiency; c i and c f represent the stock and treated sample concentration, respectively.
Total phenolic content analysis procedure
Folin-Ciocalteu's method, which is slightly modified from the previously used form that is reported by Obanda et al. and briefly stated as follow, was used to determine the total phenolic content of the stock solutions and the treated samples.
48,49 1 mL of Folin-Ciocalteu's phenol reagent and 1 mL of sample solution were mixed in a test tube. The mixture tube was held in dark for 5 min. Then, 2 mL of the aqueous Na 2 CO 3 solution which was prepared by dissolving 200 g of solid Na 2 CO 3 in 1.0 L of distilled water was added into the mixture. This mixture was shaken and adjusted to 6 mL, by adding 2 mL of ultrapure water. The blue colour of the mixture was spectrophotometrically measured after 30 min of keeping the mixture in the dark. The concentration of total phenolic content of all samples was determined on the UV spectrophotometer at 714 nm and expressed as milligram of gallic acid equivalents (mg GAE/L) by using a standard curve (r 2 = 0.997). This curve is based on the absorbances of GA stock solutions (25-400 ppm) which was analyzed in the same way mentioned above for samples. The removal efficiency of total phenolic content, in other words, dephenolisation efficiency (DPE), was expressed in percentages using Eq. (1).
UV analysis
The efficiency of the aromatic compound removal (dearomatisation efficiency, DAE) of treated samples was spectrophotometrically determined and expressed as percentages of removal by comparing the absorbances that are obtained for stock solution and samples, respectively, as stated in Eq. (1). The total aromaticity of stock and treated samples was monitored at 254 nm using UV spectrophotometer.
Experimental design and optimization of degradation process using CCD
RSM is an advantageous statistical technique which has been widely used to assess the optimum experimental variables and evaluate the performance of a system. 37, 45 The main goal is to optimise the response in RSM over other independent variables as well as to predict responses using theoretical equations, by carrying out a limited number of experiments. Since Box and Wilson first introduced the CCD, the use of the CCD has increased even more due to ________________________________________________________________________________________________________________________ (CC) 2018 SCS. being the most efficient method among many types of RSM designs. [50] [51] [52] CCD is used to construct the full factorial or fractional factorial second-order RSM models which consist of three types of points such as cube, axial and centre that are settled in the experimental region. 38, 53 Hereby, the total number of experiments can be designated by N = 2 k + 2k + C 0 , where k stands for the number of process variables and C 0 is the run number of central points. 54 The CCD model which consists of 20 runs of degradation experiments was performed in randomized order in this work (N = 2 k + 2k + C 0 = 2 3 + 2*3 + 6 = 20 runs). The correlation of response and independent variables can be represented by linear or quadratic models (Eq. (2) 
where Y symbolizes the approximation response, and represent the square coefficients. β 12 , β 13 and β 23 are the interaction coefficients. β 0 and ε represent the constant and the random error, respectively. 31 The effect of the independent process variables, namely temperature, K, x 1 ; treatment time, min x 2 and concentration of oxidising agent, M x 3 ; were investigated at three levels. The TOC removal percentage (response 1, Y 1 ), the total phenolic content removal percentage (response 2, Y 2 ) and the aromatic compound removal percentage (response 3, Y 3 ) were assumed to be the dependent variables. The design of the independent variables is presented in Table I . The statistical analysis was supplied using Design Expert 9.0.6.2. The interactions between the independent variables were investigated by the analysis of variance (ANOVA) and expressed by the response surface plots. In addition, the accuracies of the obtained models and the terms of the models were evaluated using ANOVA. The properties of the quadratic models were evaluated by the coefficients of determinations (R 2 , R It can be seen from Table II that the high dearomatisation and dephenolisation efficiency values can be obtained in the circumstances where the COD removal rate is low.
Evaluation of ANOVA
The statistical analysis of the results was evaluated based on ANOVA. Table  III shows the results of the employed quadratic models. The significance of the obtained quadratic models can be described using statistical analysis in terms of F values, p values and lack of fit values etc. 55 In this case, ANOVA terms verified that the quadratic models were significant for designating the effect of the variables on the responses (CRE, DPE and DAE). The F values of the models which were obtained as 372. 47 x , and 2 3 x are significant and x 1 , x 2 , x 3 , x 2 x 3 , 2 1 x , 2 2 x and 2 3 x are significant model terms for the dephenolisation and dearomatisation attempts, respectively. Moreover, temperature, x 1 , was found to be the most favourable parameter of all cases that possessed the highest F values.
Evaluation of regression coefficients
The regression coefficients of the models are shown in Table IV . The standard deviation values, which are known as the square root of residual mean square values and desired to be lower, were obtained as 2.14, 2.85 and 3.97 respectively, in the case of COD removal, dephenolisation and dearomatisation analysis. 56 The fit of the model with each point in the design is determined using the predicted residual sum of squares values (PRESS) where small values are desired. 57 Thus, the PRESS value of COD removal was found to be better than that of the obtained ones in other cases. The coefficient of determination (R 2 ), which takes values between zero and one, represents the relationship between the variables and its value is desired to be close to 1. 0.9707 and 0.9752, respectively. The adequate precision values, which were supposed to be greater than 4 and measure the signal-to-noise ratio, were found to be 56.930, 25.981 and 27.059 for COD removal, dephenolisation and dearomatisation analysis, respectively. Thus, these values indicate that the models can be used to direct the design space in each case. 
31
Evaluation of approximation equations
The predicted second-order polynomial equations -Eqs. (3)- (5), were obtained using the Design-Expert software. 56 These equations can be used to make the predictions about the degradation percentage for the given levels of each factor based on the evaluation of the factor coefficients (coded factors). Eqs. (3)- (5) indicated that the relative impacts of the factors for the predicted models are in the following sequence: 
Effects of temperature and treatment time on the COD removal, dephenolisation and dearomatisation efficiency Fig. 1a -c demonstrates the 3D plots displaying the effect and the interaction of the temperature and the treatment time, at a fixed H 2 O 2 concentration of 1 M, on the response as independent variables. Responses represent the percentages of COD removal, dephenolisation and dearomatisation efficiency in Fig. 1a-c, respectively. Considering the Fig. 1 , one can notice that while higher temperature and longer treatment time are more effective on the COD removal, milder conditions are sufficient for obtaining the high yield in the dephenolisation and dearomatisation processes. This can be attributed to the fact that, though the structures of phenolic and aromatic compounds can be degenerated even under the lower values of temperature and treatment time, more harsh conditions are required for the oxidation of mentioned structures, consequently for the high COD removal. Also, the removal efficiencies of the aromatic compounds may vary with the structure type of them. In addition, a certain time is required for the generation of the adequate free • OH. 31 On the basis of this necessity, it is obvious that effect of the treatment time is essential especially in the higher temperature values for obtaining a high yield. Thus, the increasing treatment time has a significant effect on the each case. For instance, the increasing treatment time from 60 up to 100 min raised COD removal, dephenolisation and dearomatisation percentages, respectively, from 59.96 
Effects of treatment time and concentration of oxidizing agent on the COD removal, dephenolisation and dearomatisation efficiency
The combined effect of treatment time and H 2 O 2 concentration on the response is shown in Fig. 2a-c at fixed temperature of 398 K. It is clearly shown from Fig. 2a that the darker area, which demonstrates the high yield, is smaller than that of Fig. 2b 
Effects of concentration of oxidizing agent and temperature on the COD removal, dephenolisation and dearomatisation efficiency
The combined effect of temperature and H 2 O 2 concentration significantly increased the yield in each case shown in Fig. 3a- Increasing H 2 O 2 concentration might affirmatively effect the efficiencies due to the possible increase in the amount of
• OH that can easily attack the target compound and therefore enhance the degradation rates. 30, 59 In addition, the temperature might favour the mentioned generation of free radicals. However, the temperature can reduce the yields above the certain point due to the possible degradation of H 2 
CONCLUSION
Based on the use of simple but impressive experimental set-up, this study has been proposed as an important and advantageous alternative to the inefficient and inapplicable conventional processes for the treatment of OMWW. Moreover, it should be noted that H 2 O 2 , which leaves no residues after treatment, was used as the oxidising agent. Results show that the co-effect of a subcritical medium and H 2 O 2 have a remarkable effect on responses. The high yields obtained in terms of COD removal, dephenolisation and dearomatisation indicate that the OMWW is effectively cleansed and can be safely discharged using the eco--friendly subcritical water oxidation method. CCD was performed to fully evaluate the effect of each temperature, concentration and treatment time on the COD removal, dephenolisation and dearomatisation rates. The ANOVA results were considered to reveal the convenience of the models and model terms. Besides determining these experimental parameters and the interactions between them, 500 YABALAK, GÖRMEZ and SÖNMEZ the approximation equations were proposed in each case. The temperature was found to be the most effective variable in all cases, especially in COD removal.
